ABSTRACT In the current study, commercial broiler breeder hens were mated with either commercial broiler breeder males (B/B) or artificially inseminated with semen from Leghorn cockerels (B/L). Embryos and chicks from each mating were used to study the effects of paternal genotype on breast muscle myosin expression without the confounding effects of differences in egg size and embryo development due to maternal genotype. Specifically, the temporal transitions of myosin heavy chain (MyHC) isoforms within the pectoralis (P.) major and P. minor were measured. The relative concentration of the embryonic MyHC isoform increased from d 17 through 21 in ovo in both genotypes and was higher in B/B embryos than in B/L embryos (P ≤ 0.01). At 21 d posthatch,
INTRODUCTION
Over the last 20 yr, growth within the commercial broiler industry has been fueled by the development of fast food and "already prepared" products. Many of these products are totally or primarily composed of broiler pectoral (breast) muscles consisting of almost 100% white muscle fibers (Smith et al., 1993) . The greater economic value of breast meat compared with other carcass parts has increased the pressure on commercial geneticists to develop genotypes that not only exhibit rapid growth but also have a high proportion of breast meat relative to body weight. Similar market demands and genetic pressures also exist within the commercial turkey industry, contributing to an increased incidence of breast muscle quality problems (Barbut, 1997; Pietrzak et al., 1997; Yost et al., 2002) . One such anomaly in turkeys is pale, soft, and exudative (PSE) meat, a condition resulting in processed products that have reduced water-holding capacity (Owens et al., 2000) . This meat is unpalatable, becomes nonfunctional in further-processed products, and represents To whom correspondence should be addressed: wick.13@osu.edu.
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there was an increased proportion of the adult MyHC isoform within the P. major and P. minor in B/B compared with B/L chicks (P ≤ 0.01). This result suggests that the B/B chicks were making the transition to mature skeletal muscle more rapidly than the B/L chicks. Although samples taken from the P. minor of B/B and B/ L chicks exhibited an increased proportion of the adult MyHC isoform and lower proportion of the neonatal MyHC isoform at 21 d, the genetic differences were far more pronounced in the larger P. major (P ≤ 0.01). In summary, the P. major from the faster growing B/B chicks exhibited earlier temporal transitions of developmental fast MyHC, and these differences were evident as early as 17 d in ovo.
considerable economic loss to the turkey industry (McKee and Sams, 1997; Owens and Sams, 1997; Woelfel, et al., 2002) .
Within the broiler industry, there is also the recognition that breast muscle quality issues are becoming more commonplace. Barbut (1997) estimated that the incidence of PSE in broiler breast meat could be as high as 28%. Recent reports have addressed the variability in broiler breast muscle color, pH changes, and quality factors related to muscle thickness (Fletcher, 1999; Bianchi and Fletcher, 2002) .
A large proportion of total breast muscle protein is represented by specific contractile proteins that fall within the fast myosin heavy chain (MyHC) super family. These proteins are essential to in vivo muscle contraction and contribute to the functional properties of processed muscle products. With respect to in ovo and posthatch breast muscle development, there is a temporal expression of specific MyHC isoforms. The ontogeny of this expression has been most clearly delineated in Leghorn chickens (Bandman 1985; Tidyman et al. 1997; Rushbrook et al., 1998) . The biological rationale for the functional diversity of the MyHC isoforms has yet to be determined. The comparative expression of MyHC isoforms has been studied in different avian species (Bandman, 1985; Bandman and Bennett, 1988; Yost et al., 2002 ), yet detailed genetic comparisons in fast-vs. slow-growing chickens have not been conducted.
The design of appropriate genetic comparisons, particularly those involving embryonic development, needs to be carefully considered. With widely contrasting genotypes, there is potential for confounding maternal effects on egg size, embryo growth, and hatch weight and subsequent correlated effects on posthatch growth and development. To avoid these experimental pitfalls in the current study, broiler breeder hens of similar age were mated with commercial broiler (B/B) or slow-growing Leghorn (B/L) cockerels. This procedure allowed for delineation of genotypic effects on muscle growth and development within a common maternal background. The objective of the experiment was to document the temporal expression of developmental MyHC isoforms to test the hypothesis that genetic differences in the growth of the pectoralis (P.) major and P. minor breast muscles is accompanied by differences in the temporal transitions of the fast MyHC isoforms.
MATERIALS AND METHODS

Birds
Commercial broiler breeder hens were mated with commercial B/B males or artificially inseminated with semen from Leghorn B/L cockerels. The hens were of equal age and BW and thereby represented a constant maternal genetic background. Embryos from each mating combination were sampled at 19 d of incubation and at hatch (21 d) to discern the temporal pattern of MyHC isoform expression over the last week of incubation. Posthatch, chicks from each mating were reared in heated Petersime battery brooders and sampled for p. major and p. minor muscle weight and MyHC isoform measurement at 7, 14, and 21 d of age.
Sample Preparation
Birds were euthanized by cervical dislocation. Samples were taken of P. major and P. minor muscles at embryonic d 19, hatch, and 7, 14, and 21 d of age, and stored at −20°C. Myosin was prepared from embryonic and postnatal P. major and P. minor breast muscles and purified by repeated solubilization in a high salt buffer solution followed by precipitation in a low-salt buffer solution as described previously (Rosser et al., 1998) . The final lowsalt precipitate was resuspended in 0.04 M sodium pyro- phosphate, 0.002 M MgCl 2 , 0.002 M EGTA, pH 9.6, and 50% glycerol and was stored at −20°C.
Myosin purity was evaluated by electrophoresis on 10% SDS-PAGE gels. Myosin concentrations were determined by comparing the densitometric intensity of known concentrations of myosin to dilutions of the sample myosin in SDS-PAGE.
ELISA
An ELISA was conducted with a bank of monoclonal antibodies (mAb) specific for poultry skeletal MyHC isoforms as described by Pretzman et al. (1987) . The sensitivity of the mAb was determined by creation of a titration curve vs. previously purified chicken MyHC. Briefly, the purified MyHC standard was diluted from 1 µg/well to 1 ng/well in coating buffer (0.015 M Na 2 CO 3 , 0.03 M NaHCO 3 , pH 9.4), using 96-well enzyme immunosassay-RIA plates.
3 Wells were subsequently blocked with 5% nonfat dry milk in phosphate-buffered saline (PBSM) and incubated with each mAb in PBSM at a dilution of 1:5,000 for 1 h at 37°C. Wells were washed with PBS-0.1% Tween 20. 4 Bound mAb was detected with horseradish peroxidase-conjugated goat anti-mouse IgG 5 at a dilution of 1:2,500 in PBSM and incubated as described above. After the PBS-Tween wash, a substrate-chromogen solution consisting of 0.015% 2,2′-azinobis (3-ethylbenzthiazoline sulfonic acid) diammonium salt 5 and 0.03% H 2 O 2 in 0.1 M sodium citrate buffer, pH 4.5, was added to the wells. The optical density at 414 nm was recorded with a Labsystems Multiskan MCC/340. 6 The quantity of MyHC isoform present was subsequently determined by fitting the optical density of those preparations to the standard curve generated as described above. Microtiter wells were coated with cell extracts from the time points described above and contained equal amounts of myosin, as previously determined by quantitative SDS-PAGE.
Monoclonal Antibody Specificities
The relative concentrations of embryonic (e), neonatal (n), and adult (a) MyHC isoforms were determined by ELISA with a bank of mAb specific for avian sarcomeric fast MyHC isoforms (Table 1) . It should be noted that embryonic fast refers to multiple embryonic isoforms: CE1, CE2, and CE3, as previously described (Moore et al., 1992; Tidyman et al., 1997) .
Method of Statistical Analysis
Data were analyzed using the MIXED procedure of SAS software 7 according to the following model:
where Y ijkl is the dependent variable, µ is the overall mean, L i is the fixed effect of the ith line (i = 1, 2), M j is The preparation and specificities of these monoclonal antibodies against chicken myosin heavy chains have been detailed elsewhere (Cerny and Bandman 1987; Bandman and Bennett, 1988; Moore et al., 1992) .
2
Embryonic fast refers to multiple embryonic isoforms: CE1, CE2, and CE3 (Moore et al., 1992) . the fixed effect of the jth muscle (j = 1, 2), D k is the fixed effect of the kth day (k = 1,...,4), A l is the fixed effect of the lth antibody (l = 1,...,4), and e ijkl is the random residual error, N (0, δ 2 kl ). Residual errors were not homogeneous across subclasses based on the likelihood ratio test (Milliken and Johnson, 1992) . Thus, specific subclass error variances were estimated for each day by antigen subclass. The treatment design was a 2 × 2 × 4 × 4 factorial arrangement in a completely randomized experimental design. Effects and differences between least squares means were considered statistically significant at P ≤ 0.01.
RESULTS
Muscle Growth and Temporal Expression of Embryonic MyHC Isoform
The relative growth in ovo of the p. major is shown in Figure 1 . As expected, the different paternal genotypes resulted in an increase in relative muscle weight in the B/B chicks, especially at 14 and 21 d (P ≤ 0.01). This 
Temporal Expression of Neonatal MyHC Isoforms in the P. Major Muscle
The data reported in Table 2 for the temporal expression of postnatal MyHC isoforms show that B/B chicks made the transition to the more mature developmental myosin isoforms more rapidly than B/L chicks. The nMyHC isoform is expressed at its highest level at 7 d, and at this age, there were no differences between genotypes (Table  2 ). In muscle from both genetic groups, there was a decline in the neonatal isoform at 14 and 21 d (P ≤ 0.01). At the latter age, the concentration was at nearly baseline levels in B/L chicks. Although expression level of nMyHC declined in B/L chicks by 21 d posthatch, there was no change between 14 and 21 d in B/B chicks (P ≤ 0.01).
Temporal Expression of the Adult MyHC Isoform in the P. Major Muscle
In chicks from both genotypes, the aMyHC isoform was expressed at its lowest level at 7 d posthatch and increased through 21 d (P ≤ 0.01). Although the aMyHC isoform expression increased from 7 through 21 d posthatch in both genotypes, the rate of change in the expression levels of the aMyHC isoform was greater in B/B chicks (P ≤ 0.01). The difference in expression levels of the aMyHC isoform is further emphasized by the observation that at 7 and 14 d posthatch, the level of aMyHC isoform expression in the P. major of the B/B-line chicks was approximately twice that of the B/L line chicks whereas at 21 d it was still higher (P ≤ 0.01).
Temporal Expression of Isoforms in the P. Minor
The temporal expression data for the different MyHC isoforms in the P. minor are shown in Table 3 . At 21 d posthatch, the adult isoform was expressed to a greater extent in B/B chicks, consistent with the genetic differences observed in the p. major muscle. The lack of genotype differences in this isoform at younger ages and the lack of any major expression differences in the other isoforms support the hypothesis that genetic selection for breast yield has primarily changed the relative size and biology of the larger, superficial P. major muscle. 
DISCUSSION
As stated in the introduction, there is considerable interest in those factors influencing poultry breast muscle development, particularly as it relates to the quality of products derived from these muscles. There are numerous reports in which various aspects of muscle development have been compared in unique lines of chickens and turkeys (Remignon et al., 1994; Merly et al., 1998; Liu et al., 2002) . In the chicken lines studied by Remignon et al. (1994) and turkey lines used by Liu et al. (2002) ; however, there are considerable differences in embryonic development, BW at hatch, or associated with maternal affects such as egg weight. This makes it difficult to interpret data on developmental differences in muscle physiology because genetically increased embryonic BW or BW at hatch is positively correlated with increased muscle size. The genetic approach taken in the current study was successful in terms of creating an experimental environment in which genetic effects on muscle development could be studied independently of the aforementioned correlated effects on BW. As a result of the mating strategy utilized in the present experiment, there were no differences between genotypes for embryonic wet or dry weight, embryonic total carcass protein, or hatch weight (Antonelli, 2003) .
The mechanisms underlying the muscle quality problems appearing in the poultry industry are not well understood. Although temporal expression of developmental MyHC isoforms appeared to be accelerated in the B/B line, the extent to which MyHC isoforms contributed to the increased incidence of protein functionality defects were not addressed.
The increased proportion of adult MyHC isoform at 21 d posthatch and the greater decline in the neonatal MyHC isoform between 7 and 14 d of age within the P. major suggest that the B/B chicks were making the transition to a more mature skeletal muscle at an accelerated rate compared with the B/L chicks. This result is in contrast with turkey muscle data reported by Merly et al. (1998) . These authors suggested that posthatch growth and muscle development in turkey lines exhibiting large differ-ences in adult BW were primarily due to satellite cell proliferative capacity, without any concomitant differences in muscle fiber maturation (i.e., MyHC isoform expression). The expression ages of different isoforms in the data of Merly et al. (1998) is at odds, however, with the turkey data of Maruyama et al. (1993) . In both reports, the same adult MyHC mAb (AB8) was used to detect isoform transitions, yet Maruyama et al. (1993) reported initial expression of the adult isoform at approximately 7 d posthatch compared with 21d in the report by Merly et al. (1998) . These differences in expression age might have been partially due to antibody sensitivity as it relates to experimental differences in tissue myosin preparation (i.e., myosin purification vs. immunohistochemical staining).
The greater genetic divergence in isoform transitions observed in the P. major of B/B chicks compared with B/L chicks and the almost complete lack of any genetic differences in the P. minor are consistent with the conclusion that selection for increased breast muscle yield in commercial meat strains of poultry has a greater effect on the superficial (outer) breast muscle. This supports the observation by Lilburn and Nestor (1991) that, in divergent lines of turkeys exhibiting large (4 to 5%) differences in the relative weight of the P. major, there were no significant differences in the relative weight of the underlying P. minor. A better understanding of the genetic contributions to skeletal muscle growth and development independent of concomitant changes in BW could facilitate more informed breeding decisions underlying the meat quality problems associated with rapid growth and increased yield in modern poultry strains.
Finally, the rapid decline in the expression of the nMHC between 7 and 14 d posthatch in the B/B line supports a hypothesis that these chicks were already making the transition to a more physiologically mature, muscle protein composition. The temporal expression of nMyHC in the B/B line is in contrast to the temporal expression in the B/L line. The B/L line exhibited temporal MyHC isoform expression consistent with those reported for White Leghorn chickens (Tidyman et al., 1997) and domestic turkeys (Maruyama et al., 1993) .
